Nonviable cells of Bacillus subtilis, when made permeable by treatment under controlled conditions with nonionic detergent, can be shown to replicate DNA normally and to repair certain regions of the chromosome. The former process is stimulated by ATP in the presence of dATP, dCTP, dGTP, and dTTP. The product, a result of semiconservative replication, is biologically active; synthesis of the newly-formed regions of the chromosome appears to be sequential.
Extensive biochemical and morphological evidence suggests that the bacterial chromosome is replicated in an orderly sequential mode, possibly by an enzyme complex bound to cell wall membrane (1) (2) (3) . Attempts to isolate a structurally intact, active complex that would promote such a process have not been very successful. Here we report a method of making nonviable cells permeable to externally added substrates. These cells have lost most of their DNA polymerase activity and also significant amounts of nucleases and cellular proteins, but are capable of continued DNA synthesis in the presence of four deoxyribonucleoside -triphosphates. This synthesis is stimulated by the addition of ATP. A similar response has been reported recently in toluene-treated cells of Escherichia coli (4, 5) . The Bacillus subtilis system has the advantage that we can characterize the biological activity of the product and the direction of replication.
MATERIALS AND METHODS
Actively growing cultures of B. subtilis, SB 168 (try-2) and SB 19 (wild type), were frozen in liquid nitrogen. These stocks were thawed, washed, and resuspended at 109 cells/ml of 5% sucrose solution containing 0.01 M Tris HCl buffer, pH 7.5; 0.001 M MgCl2; 0.001 M j3-mercaptoethanol; and sodium azide, 0.05 M. These cells were then made permeable by the addition of Brij-58 (6), a nonionic detergent. The time required to reach this permeable stage was monitored by observing the cells under a phase-contrast microscope or by staining with Giemsa (7) . During a period of 1-3 hr, 55% of the cellular proteins, containing more than 95% of the DNA polymerase activity [assayed with poly(dA) -poly(dT) as substrate (3)], and a large portion of the nucleases were released into the medium and were discarded after centrifugation. The permeable cells were resuspended in the azide buffer.
For characterization of the products of synthesis, cells were grown in a medium containing 15NH4+, D20, and [14C]thymine (3) to give the DNA a buoyant density of 1.756 instead of 1.703 g/ml in CsCl. The three types of assay conditions for DNA polymerase (3) were (a) equimolar mixtures of the deoxyribonucleosides of adenine, guanine, cytosine, and thymine (referred to as dN) plus ATP; (b) an equimolar mixture of the four deoxyribonucleoside triphosphates (referred to as dNTP) of the above bases; and (c) the same as (b), plus ATP. These and radioactive substrates were obtained from Schwarz BioResearch. DNA was purified carefully to minimize shear effects that might confuse repaired regions with semiconservatively replicated sequences in density gradients. This was accomplished by lysing the Brij-treated cells with sodium dodecyl sulfate (4 mg/ml) and digesting the lysate with Pronase (Calbiochem) (1 mg/ml) overnight at room temperature (3) . Cesium chloride density gradients were centrifuged in a Spinco No. 50 angle-head rotor at 34,000 rpm for 66 hr at 4VC. Density calculations were made with unlabeled B. subtilis DNA of normal density as a reference; this DNA carries mutations that do not interfere with the assay of the DNA species under study. Alkaline CsCl gradients were used at pH 12.5 (8) . In all the figures, the density positions of heavy, hybrid, light, and denatured heavy DNA molecules, corresponding to densities of 1.756, 1.729, 1.703, and 1.810 g/ml in CsCl are designated as HH, HL, LL, and DH. (Table 2 ) and has been interpreted as a repair process (4) . The rate of incorporation is rapid initially, but decreases on continued incubation at 370C because of nuclease degradation (Fig. lb) . With ATP this initial rapid increase is inhibited somewhat, but the extent of DNA synthesis on prolonged incubation is stimulated anywhere from 3.5-to 15-fold (Fig. lb) . This process is inhibited by N-ethylmaleimide and has been interpreted as normal DNA synthesis (4) . Since the amount of repair depends on the extent of DNA breakage caused in the preparation of permeable cells, one has to take this incorporation into account in evaluating the extent of stimulation observed with ATP. Details concerning the process of this repair synthesis form the subject of a subsequent communication.
RESULTS
In an analysis of the nature of the observed incorporation, permeable cells were made from cells grown in heavy medium. In certain experiments, these cells were washed and allowed to grow in a light medium for 15 min, so that 10% of the DNA molecules were in hybrid form (Fig. 2a) . Under these conditions, extensive replication is marked by the production of hybrid DNA molecules, as judged by a density shift in a CsCl gradient as well as by the amount of substrate used in synthesis. On the other hand, repair synthesis should be reflected by poor incorporation, with no significant change in density profiles.
Permeable cells, when incubated with dN, and without ATP, did not show any incorporation. In the presence of ATP, a significant proportion of heavy DNA approaches the hybrid level (Fig. 2b) . Under these conditions the template DNA was found to undergo degradation. In these experiments it is difficult to distinguish repair from normal synthesis. In the presence of dNTP, and the absence of ATP, there was poor synthesis as reflected by the DNA density and amount of substrate incorporation, and very few light molecules were synthesized (Fig. 3a) . With ATP, the resulting profile (Fig.  3b) and 45 nmol of each of four deoxynucleosides, of which thymidine was labeled with 3H at 30,000 cpm/nmol. ATP, when used, was at 2 mM. Other reagents were at concentrations described before (3) . After 60 min of reaction at 370C, the isolated DNA contained 80,000 and 150,000 cpm of 14C and 9H in acid-precipitable form. Recovery from the gradient was always more than 80% of the input. 70 fractions were collected from a gradient volume of 8 In order to investigate the nature of the products formed in the presence and absence of ATP, I made completely heavy, permeable cells and performed the above synthesis. The isolated DNA was denatured at alkaline pH and subjected to centrifugation in alkaline CsCl. In the presence of ATP a significant proportion of light DNA strands, relatively free of template atoms, was produced (Fig. 4a) . There also appear to be heavy chains covalently linked to long stretches of light atoms and heavy chains linked to short stretches of light atoms. The former may be the product of semiconservative replication and the latter the products of repair replication. In the control without ATP, a 5-fold lower synthesis was observed as well as loss of template (Fig. 4b) .
If the synthesis in the presence of ATP represents normal replication, at least in part, the lighter species of molecules should be biologically active. Completely heavy SB 168 cells were made permeable and allowed to synthesize DNA for 40 min in the presence of either dN + ATP or of dNTP + ATP. The DNA was fractionated in a CsCl gradient and assayed by transformation for genes that are located at the origin, middle, and terminus of the chromosome (ade16, leU, and met5) (9) . Profiles for adel6+ and mets+ are presented in the gradient are given in Table 3 . In Fig. 5a , the control (incubation without substrates) shows the expected unimodal distribution for two of the genetic activities. With dNTP alone there was no change in the profile of genetic activity. With dN plus ATP (Fig. 5b ) more met5+ activity is found near the hybrid position compared to adel6+. The ratio of biological activity of molecules with fully heavy density, which was originally 3.6 for ade/met, had decreased to 0.9, which suggests that under these conditions previously initiated chromosomes complete the replication cycle (as judged by the shift of met5+ activity to a hybrid level), but that new initiations are not favored. The amount of synthesis observed here was always 2 to 8 times less than the one with dNTP plus ATP. The behavior of other markers close to the terminus was similar.
The pattern of activity with dNTP + ATP was different.
In general, both the ade16+ and mets+ genes have moved to hybrid densities, which suggests not only that certain chromosomes have finished replication but also that others have initiated new rounds of synthesis. There is also adel6+ activity near the light DNA, which does not have a significant amount of met5+ activity. The position occupied by light molecules does not coincide exactly with the position of light standard DNA. I interpret this as the result of a second initiation in a chromosome that had the growing point ahead of the adel6+ gene when the cells were made permeable. A kinetic analysis of synthesis at 0, 20, and 40 min is presented in Table 3 . The distribution pattern of three genes with different chromosomal locations is con- was aided by grants from the National Institute of General Medical Sciences, GM-14108, 2 T01-GM-295 and GB-8739 from National Science Foundation. The author was a recipient of a U.S. Public Health Service Research Career Program Award, GM-50199.
